Summary: In 14 ventilated, normocapnic baboons an aesthetised with a-chloralose, local CBF (hydrogen clear ance) and the amplitude and latency of local components of the somatosensory evoked potential (SEP, median nerve stimulation) were measured bilaterally in ventro basal thalamus (VPL), medial lemniscus (ML), and ce rebral cortex before and during progressive ischaemia, produced by occlusion of the right middle cerebral artery and subsequent controlled reductions in mean systemic blood pressure (MSBP). The first significant reduction from control of the left cortical SEP amplitude occurred in the range of 30-40 mm Hg MSBP, but those of the VPL and ML responses only below 30 mm Hg; in the range of 20-30 mm Hg, the average SEP amplitudes in Interpretation of changes in the scalp-recorded somatosensory evoked potential (SEP) observed in routine clinical practice or intraoperatively (Hume and Cant , 1978; Symon et aI. , 1979a; Halliday, 1982; Wang et aI. , 1982; Grundy, 1983 ) is limited or com plicated by uncertainty of the origin of the various components of the SEP and by lack of knowledge about the relative sensitivities to ischaemia of the different portions of the afferent pathway, particu larly when there is loss of autoregulation of CBF with fluctuations in systemic blood pressure or with induced hypotension. The surface-recorded SEP may be affected by one or more ischaemic lesions anywhere along the pathway, and to a degree deAddress correspondence and reprint requests to Prof. Symon at Gough Cooper Department of Neurological Surgery, Institute of Neurology, The National Hospital, Queen Square, London WCIN 3BG, England.
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pending on their distribution. For example , occlu sion of the middle cerebral artery (MCA) produces a lesion which , in terms of the overall afferent SEP pathway, is comparatively focal , and there is a narrow range of cortical flow, from about 12 to 18 mlilOO glmin, over which the surface-recorded SEP is reduced from normal amplitude to zero (Branston et aI. , 1974) . However, with global ischaemia pro duced by systemic hypotension , a wider threshold band of cortical flow for SEP abolition is indicated (Gregory et aI. , 1979) , a possible explanation for the difference between the two cases being that the brainstem and mesencephalic stages of the afferent pathway are additionally affected in the second case.
The purpose of this experimental series was to clarify the question of relative ischaemic sensitivi ties by establishing relationships between , on the one hand , the amplitude of components of the SEP generated in brainstem (recorded in the medial lem niscus , ML) , thalamus (ventral posterolateral nu clear complex , VPL), and cerebral cortex and , on the other hand, local CBF or mean systemic blood pressure (MSBP), and to compare these relation ships with that already demonstrated for cortex, as mentioned above. Measurements were necessarily restricted to the early components of the SEP (up to 25 ms latency in the monkey) because these alone remain in the anaesthetised state. Changes in la tency of the principal peaks, measured relative to the onset of activity in the high cervical region so as to indicate central conduction time (CCT), in cor respondence with clinical studies (Hume and Cant, 1978; Symon et aI., 1979a) , were also studied; in a pilot investigation (Hargadine et aI., 1980) it was noted that CCT increased with ischaemia in con formity with clinical observations. Ischaemia was produced by a combination of unilateral MCA oc clusion and subsequent gradations of hypotension, local flow (by hydrogen clearance) and SEP wave forms being recorded bilaterally from ML, VPL, and the hemispheric surface.
METHODS Preparation
Data were obtained from 14 baboons in the weight range of 6-10 kg. They were anaesthetised initially with thiopentone for intubation and cannulation of the femoral vessels and subsequently with IX-chloralose (60 mglkg, i.v.), with immobilisation by gallamine triethiodide (1 mgl kg, i.v., repeated as necessary). Arterial Paco2 was main tained in the normal range during electrode placements and recording and controlled by pump ventilation with O2 at appropriate stroke volume. Blood pH, Pao2, he matocrit, and core temperature were monitored, with compensation as required, and MSBP was continuously recorded.
After exposure of the skull, an array of silver ball elec trodes was placed on the dura through small burr holes in a configuration depending on the exact protocol of the experiment. The minimum array included electrodes over the right and left postcentral gyri at the SEP focus and a reference electrode placed near Fpz together with an electrode inserted under the spinous process of C2. The full array included electrodes in the 10/20 configuration as well as the above, with placement guided by a head template modelled in proportion to the 10/20 array used clinically. This array was used to obtain further infor mation about the sources of intracerebral SEPs in addi tion to the data given in the present study. Stimulating electrodes were placed over the median nerve at each wrist, and, with a pulse width of 0.2 ms, the stimulus voltage was adjusted before immobilisation to give a thumb twitch. SEP recordings were always made with contralateral stimulation.
Two regions, one containing the SEP cortical focus and the other situated parasagittally near Cz, were marked out on the skull bilaterally, and the dura exposed at each location through small craniectomies. In accordance with previous work (Symon et aI., 1976 (Symon et aI., , 1979b , these regions were designated as areas B and C, respectively. After removal of the dura and with the animal in a stereotactic frame (Narashigi), electrodes designed to measure local CBF and SEP simultaneously were inserted in the ver tical plane through the area C holes into the VPL and ML, as described below. Within these exposed regions, additional flow electrodes (platinum-iridium wires; 125 /-Lm diameter; exposed tip, I mm) were placed in the cortex, and the focal SEP cortical electrodes were also positioned at this stage. All electrodes in the head and neck were secured by acrylic cement, and the closed skull was thereby reconstituted. A large sintered Ag/AgCI ref erence electrode for the hydrogen clearance system for flow measurement (Pasztor et aI., 1973) was placed in the animal's mouth and also acted as the common mode ref erence electrode for the SEP recording system.
A total of 16 flow electrodes was thus placed in cortex, VPL, and ML, and up to 32 SEP recording electrodes were used, in each animal. After removal of the stereo tactic frame from the animal, a transorbital dissection was performed to expose the right MCA so that it could be occluded later with a Scoville clip.
Experimental protocol
After the stability of the hydrogen electrode baselines and the Paco2 had been assured, a set of at least two control measurements of flow and SEP was made from aU electrodes. The MCA was then occluded and the mea surements repeated immediately, with serial EP averages recorded in short runs (typically of 64 sweeps) to follow any changes in the SEP until a stable waveform was ob tained. MSBP was then progressively reduced in stages of 10-20 mm Hg by withdrawal of arterial blood, using a heparinised syringe and a reservoir, enabling MSBP to be held constant during each step while flows were mea sured and SEPs monitored serially until again observed to be in a new stable state. The objective was to produce a stepwise reduction in CBF, first in MCA territory, where autoregulation to reduced blood pressure is lost after occlusion of that artery (Symon et aI., 1976) , and subsequently in the subcortical recording sites, where au toregulation would be expected to be relatively normal; in this way, the changes in (and eventual failure of) the cortical SEP would precede those of the subcortical SEPs, and the relationships between SEP and flow in all recorded parts of the afferent pathway could thus be in vestigated.
This procedure was continued, with continual assess ment of SEP responses and flow until, generally, only the neck response remained. The animal was then perfused through the aorta with saline followed by formalin fixa tive, and the brain was subsequently removed for frozen section histological confirmation of the deep electrode placements.
Depth electrodes and SEP recording
Electrodes for measurement of both flow and SEP were placed, generally in pairs separated by 2-3 mm, in the VPL at AP 10 and in the ML at AP 7, with slight varia tions between animals. In all cases, the final placement was decided after a stepwise search in the vertical direc tion, during which the potential gradients of major wave form components were explored to the extent that time permitted, detailed analysis being performed off-line. An intracerebral EP electrode records locally generated and far-field potentials superimposed. To obtain a meaningful correlation between local CBF and electrical responses recorded by the same electrode in the VPL and ML, it was therefore important to characterise the SEP ampli tude using features of the waveform most likely to have been generated locally rather than at a distance; these features, in addition, should be more or less consistent between animals and within an experiment. It is clear from volume conductor theory, and has been emphasised elsewhere (e. g. , Arezzo et al. , 1979) , that the spatial gra dients of the evoked response amplitude will be greatest when the recording site is close to the source of the por tion of the response in question (assuming a distant ref erence electrode), and that without some exploration of the electric field it is impossible to attribute a particular part of the response to a given site of origin if a single active electrode is used.
Depth electrodes were constructed from 0. 8-mm di ameter stainless steel tubing, terminated at the lower end by a piece of 0.25-mm diameter platinum wire which pro truded � 1 mm, electrical connection to the shaft being made by a crimped joint at the upper end. The whole electrode, except for the last 0. 5 mm of the tip, was in sulated with epoxy varnish. Each electrode was con nected to both an amplifier of the hydrogen system and one input of a differential EP preamplifier. The validity of simultaneously measuring flow and EP with the same electrode has been established (Branston and Symon, 1981) . The reference electrode at Fpz was again of the sintered Ag/AgCl type for low impedance and was connected to all of the second inputs of the EP preamplifiers, which had a gain of 10 K and a band pass from 1 Hz to 6. 4 kHz. A specially designed processor, under control of the laboratory's PDP-II com puter, sampled the output of all EP amplifiers at intervals of 0. 1 ms for 256 points per sweep. At the end of each sweep, the program read in these sampled data from the processor memory into the main memory to form the ag gregate (averaged) EP. A comprehensive set of display oriented software routines enabled all EP channels to be monitored while a run was in progress, and blood flows to be measured on-line if desired. All averaged SEPs and hydrogen clearance sampled data were filed on disk for future analysis. Averaged SEPs read back into memory for detailed measurement were smoothed, once, with a binomial 5-point digital filter providing zero phase shift and an effective low-pass 3-db frequency of 1,300 Hz.
RESULTS

Control phase
Description and characterisation of SEP wave forms ( Fig. 1 and Ta ble 1). The SEP recorded from the neck at C2 was consistently observed to have an initial small positive peak at S.2 ± 0.7 ms (mean ± SD) latency from stimulus. This peak, termed PS by us, was followed, with more variability among animals, by a negative peak at conduction time (CT) = 2.0 ± O.S ms (denoted by N7). PS is almost cer tainly generated in the cervical cord (Sances et aI., 1978; Arezzo et aI., 1979) , and because of its con sistency of timing in comparison to that of N7 , we decided for purposes of data analysis to use the time of occurrence of this peak as the reference event (t = 0) from which all events in the brain evoked by the same stimulus could be measured. In this study we use the term conduction time (CT) to designate the time of a given event relative to this reference. We thus generalise the definition of central conduc tion time (CCT) of clinical usage (Hume and Cant, 1978; Symon et aI., 1979a) to include timing be tween the neck and subcortical structures, re serving the term CCT for the N14-N20 interval or the homologue of this in the monkey to avoid con fusion. Note that CT and CCT are defined relative to different events in the neck response (P5 and N7, respectively), as shown in Fig. 1 .
Descriptions of the waveforms encountered during the passage of an electrode from the cortical SEP focus through the region of the ML or VPL will be presented in detail elsewhere.
Lemniscal response. In the brainstem there was a marked localisation of response characteristic of a fibre tract as the region of the ML was ap proached. The rising phase of the ML response was faster than that of the VPL and commenced at CT = 0.9 ± 0.2 ms, well before N7 (Table 1 ). The first positive peak of the ML response occurred closer to, but still before, N7 at CT = 1.6 ± 0.2 ms, while the second positive peak generally appeared as an inflection on the descending phase of the first, at CT = 2.5 ± 0.3 ms.
Thalamic response. The approach to the VPL from cortex typically showed a progressive increase in amplitude of the primary (positive) component of the VPL response ( Fig. 1) , followed by inversion of part of the waveform, characteristic of passage through a dipole layer. Onset of the positive phase of the VPL response began just after that of the ML (CT = 1.0 ± 0.2 ms) and was followed after 4-6 ms by a longer secondary phase, often biphasic, which in the chloralose-anaesthetised primate did not persist beyond � 30 ms after stimulus. Upon the primary phase were superimposed 2-5 peaks or wavelets with a mean period of occurrence of 1.0 ± 0.2 ms. Their amplitude relative to the primary varied considerably among animals, and in several animals they appeared to comprise a major portion of the overall primary response. It was observed that the more centrally placed of these smaller peaks showed changes in amplitude with electrode position, indicative of local origin, in a way similar to the primary itself. For this reason, and also be cause the onset of the first response recorded in VPL followed that in the ML by <0.2 ms, the VPL response was taken as one of these central smaller peaks and was measured accordingly (Fig. 1) , but, in cases in which it was impossible to keep track of such a peak during the whole of an experiment, the overall primary was measured at its peak instead throughout. The average CT of the VPL responses on this basis was 3.5 ± 0.4 ms, significantly later than either component of the ML response.
Cortical response. The waveform structure of the early cortical SEP in the baboon is similar to that recorded in humans, but to about half the time scale (Fig. 1) . The first part of the response at the surface of the postcentral gyrus was invariably a small pos itive wave, with amplitude of � 5 fL V and with onset and peak at CT = 1.3 ± 0.4 and 2.6 ± 0.3 ms, respectively, which has been designated P8 and probably corresponds to PI5 in the human SEP. The subsequent negative component, peaking at CT = 5.4 ± 0.5 ms, is designated NlO, corresponds to N20 in humans, is quite focal in surface exploration, and is almost certainly of cortical origin. In most cases one or more small positive inflections were noted to be superimposed on the initial (negative) phase of NlO. Following NlO were a large positive component peaking at CT = 11.8 ± 2.0 ms, des ignated PI5 (not to be confused with PI5 in hu mans), and a further negative wave; these two com ponents are the ones commonly measured, as in our previous work (Branston et aI., 1974) , as the pri mary positive/negative cortical response, and with which the flow threshold of 12-18 ml/lOO g/min is associated. Their origin is certainly cortical and postsynaptic, in view of the inversion of PI5 ob served using an electrode passed through the cortex. Only NlO and PI5 were measured in the present study.
Control blood flow in ML, VPL, and cortex.
Flows were recorded from 36 electrodes in ML and 36 in VPL, with consistently stable baselines to the clearances, which were subjected to compartmental analysis (Table 2) .
In the ML, monoexponential clearances fell into two groups: the first with flow <30 ml/lOO g/min and averaging 26.0 ± 2.7 ml/tOO g/min (mean ± A similar analysis for VPL electrodes gave two groups of monoexponential clearances (26.0 ± 5.7 and 69.1 ± 35.7 mlllOO g/min, respectively), with biexponential clearances at 19 of 36 electrodes (fast flow, 86.5 ± 30.7 mIllOO g/min; slow flow, 29.0 ± 6.7 mllIOO g/min; slow weight, 56%; and initial flow in the biexponential group, 50.9 ± 21.3 mlllOO gl min). Flow values <22 mlllOO g/min were not ob served in either ML or VPL as monoexponential or slow compartment flows.
For the remaining data analysis and presentation in this paper initial flow values will be used.
There were no significant control flow differences between ML and VPL or between the two sides in either region (Table 3) . Overall averages were 43. 1 ± 8.1 and 46.9 ± 15.6 mlllOO g/min for left and right ML, respectively, and 52.5 ± 15.9 and 52.4 ± 20.4 ml/lOO g/min for left and right VPL, respec tively. Thus, control flow in thalamus tended to be slightly higher than in lemniscus, both structures showing mono-and biexponential clearances.
Control cortical flow values were 43.2 ± 4.9 and 43.4 ± 8.6 mllIOO g/min for left-side areas B and C, respectively, and 39. 1 ± 8.7 and 44.3 ± 10.5 mIl 100 g/min for right-side areas B and C, respectively. These agree closely with values obtained in other series in which the closed (reconstituted) skull prep aration was used (e.g., Symon et aI., 1979b) , and are somewhat lower on average than flows obtained from subcortical electrodes in the present study.
Mean systemic blood pressure in the control phase averaged 120 ± 12 mm Hg. c-e Significant difference from control (paired t test): cp < 0.01. dp < 0.02, e p < 0.001.
MSBP (mm Hg)
120 ± 12 119 ± 12
Flow in mi/IOO g/min (initial 2 min). ML, medial lemniscus; VPL, ventral posterolateral nucleus of thalamus; MBSP, mean systemic blood pressure.
Occlusion
Effects of MCA occlusion alone. Placement of the clip on the right MCA, without added hypoten sion and with a resulting insignificant change in MSBP (to 119 ± 12 mm Hg), produced the flow changes in cortex, VPL, and ML shown in Ta ble 3.
In cortical right-side area B, flow decreased by 46% to 20.9 ± 12.4 mli100 g/min, which was highly significant (p < 0.001), as expected in MCA terri tory, while in right-side area C there was a decrease of 16% to 36.6 ± 7.6 mlllOO g/min. This drop in area C flow, although not statistically significant, probably reflects the diversion of anterior cerebral perfusion into MCA territory. Over the left hemi sphere, however, a significant flow decrease (p < 0.02) of 15% to 38.2 ± 9.8 mlllOO g/min occurred in left-side area C; a much smaller decrease, which was not significant, was seen in area B. In both ML and VPL on the left side there were significant de creases in local flow, by 18% to 34.7 ± 6.1 mlllOO g/min (p < 0.01) and by 15% to 46.0 ± 10.3 mlllOO g/min (p < 0.02), respectively. Accompanying small decreases on the right side in ML and VPL were smaller and not significant.
The possibility that these flow changes could have occurred with the passage of time and not with the occlusion was ruled out because, over a period before the occlusion averaging about 26 min, changes in flow in all of these regions were much smaller than those stated above. These occurred over a similar period (27 min) spanning the occlu sion event, and were statistically insignificant (paired t test, Ta ble 3).
Changes in SEP latency and amplitude in ML, VPL, and left hemisphere cortex immediately fol lowing MCA occlusion were, on average, not sig nificant. In three animals, however, the VPL re sponse on the right side was enhanced in amplitude by over 20% from the control value, an effect not correlated with the decreases in amplitude occur ring on the same side in cortex (area B) with the occlusion. It was seen in area B on the left side only once and is clearly not a common event in the so matosensory pathway with the current experi mental protocol. Figure 2 shows the effect of occluding the MCA on the SEP recorded in right-side area B. The cor tical response was abolished when flow in area B was reduced by the occlusion to below the threshold range (12-18 mlllOO g/min), as described previously (Branston et aI., 1974) . The later por tions of the responses recorded in ML, VPL, and the neck region were similarly diminished at this time (Fig. 2b) , but the early subcortical response components were preserved.
FIG. 2. a,b:
The effect of occluding the right MCA on the SEPs recorded from the right side of the cortex, VPL and ML, and on the SEP recorded from C2, in one animal. The cortical response was abolished, except for a small residual positive potential of subcortical origin, because local CBF was reduced to 13 ml/1 00 g/min, below the cortical ischaemic threshold, but the early portions of subcortically recorded responses were preserved. Vertical bar, 12.5 fLY. c,d: Re cordings from the left side before and after right MCA oc clusion and MSBP reduction, in one animal. Although flow was substantially reduced throughout the brain by the hy potension, in contrast to the situation shown in (b), in which the lesion was local, only the cortical components N1 G and P15 were abolished (local flow, 9 ml/100 g/min). Note the preservation of P8, the earliest positive peak of the cortical response. Vertical bar, 10 fLY for cortex and ML in (c) and for ML in (d); all others, 2.5 fLY. Horizontal bars, 5 ms throughout. The open arrow denotes the stimulus.
Occlusion plus haemorrhagic hypotension-loss of the SEP. The changes in SEP amplitude and la tency recorded in cortex, VPL, and ML during the progressive controlled hypotension following MCA occlusion have been characterised in two ways: as functions of MSBP and of local CBF. In each case, a threshold relationship was sought, but the dif ferent regions were compared either on the basis of a global, systemic quantity (MSBP) or, alterna tively, with respect to the local properties of the tissue in each region. The data are summarised in Ta ble 4 and are described in more detail below, with response is sustained down to below 10 mlllOO g/ statistical comparisons between different regions. min, in contrast to the case of cerebral cortex, Figure 3 shows a plot of SEP amplitude in the which is characterised by a flow threshold of � 18 ML in relation to absolute flow. It is clear that the ml/lOO g/min and abolition below 12 mlil00 g/min. b Pooled from previous and present experiments (see text). c-e Significant difference from control (paired t test): 'p < 0.02, dp < 0.01. e p < 0.001. ML, medial lemniscus; VPL. ventral posterolateral nucleus of thalamus. With the corresponding VPL plot, also shown in Fig. 3 , the contrast with cortex is not so great as with that of the ML, but a large proportion of points below 20 mllI 00 g/min are clustered around the line of 100% amplitude down to flow values of 10 mll 100 g/min and below. In plotting the VPL, data, it was necessary to take into account the possibility that the amplitude of the SEP in the VPL might be reduced not only by the effect of ischaemia at that site but also by reduction in size of the afferent volley entering the VPL, that is, of the ML re sponse. In Fig. 3 , the open circles represent data recorded when the associated ML response ampli tude was less than the (nominal) value of 80% of control, and may be considered as lower bounds on the ordinate they represent; in other words, these data points would presumably lie higher on the dia gram than as shown if the ML volley could have been preserved intact.
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The amplitudes of both NlO and PI5 in the cor tical SEP were assessed in relation to local flow and MSBP. The prominent early component P8, probably originating subcortically (Arezzo et al., 1979; (f Desmedt and Cheron, 1980) , was not systemati cally measured. In Fig. 2c and d , it is shown pre served along with the subcortically recorded SEPs following MCA occlusion and a further reduction in MSBP, while NlO and PI5 have disappeared. Note that NI0 has been replaced by (or has uncovered) a further positive component. Since P15 is essen tially the primary cortical response of earlier work, and since also the present cortical amplitude data with respect to PI5 were statistically indistinguish able (by unpaired t tests between flow bands) from these earlier data, the PI5 data were all combined for comparison with the VPL and ML data of the present study. This comparison of flow relation ships is summarised in Ta ble 4 and in the histogram of Fig. 4 . As flow was progressively reduced, with appropriate time given to allow the SEPs to stabilise as mentioned above, the cortical SEP diminished significantly (p < 0.001) to 69% of control in the flow band of 15-20 mllIOO g/min, corresponding to the previously established results. The VPL and ML amplitudes, however, although diminished, were not significantly reduced (reaching 73 and 87% of control, respectively). In the range of 10-15 mll 100 g/min, the VPL response was now significantly reduced (to 53%, p < 0.01), while the ML response remained high (90%, just significantly below con trol); cortical response had essentially been abol ished (6%). Only below flows of 10 mllIOO g/min did the ML response become similarly reduced, and below 5 mll100 g/min the average ML response still Table 4 ).
averaged 59%, while the VPL response was only 6%, and the cortical SEP was absent. Figure 5 shows the relationship between SEP am plitude in left cortex and the MSBP, with the com ponents N10 and PI5 indicated separately. Cortical SEP was unaffected until pressures below 50 mm Hg were reached, the average P15 amplitude dimin ishing to 84% of control in the range of 40-50 mm Hg (Table 4 ) and first showing significant reduction from control in the 30-40 mm Hg band (to 37%, p < 0.001). At these values of MSBP, the VPL and ML response amplitudes remained above 90% of control. In the range of 20-30 mm Hg, the VPL response was now significantly reduced (to 73%, p < 0.02), with the ML response remaining at over 90% (just significantly less than control) and the cortical response all but abolished (9%). The limited amount of data obtained below 20 mm Hg showed the ML response remaining relatively high (aver aging 47%), in comparison to that of the VPL (19%), with the cortical trace invariably flat. Differences between the cortical components N10 and PI5 with respect to their amplitude rela tionships to flow and MSBP were not pronounced (Table 4) , but there was a definite tendency for PI5 to be more sensitive to ischaemia than was N1O. In one MSBP band (30-40 mm Hg), the NI0 amplitude was twice the PI5 amplitude on average (both per centages of control, p < 0.05).
Latency changes. Changes in CT were measured for the same ML, VPL, and cortical SEP compo nents as were selected for amplitude measure ments. In the ML and VPL no significant CT changes were seen, but in the flow range of 10-20 ml/100 g/min there was an overall trend toward a CT increase (about 0.2 ms on average) in VPL (Table 4 ). In cortex, the CT changes were inter esting and the data relating CT to flow have been grouped in two ways. In regions where cortical flow was <20 mlll00 g/min, there was an average in crease of 0.53 ms in the CT of N 10 (p < 0.04), but at flows >20 ml/100 g/min there was an overall de crease in CT which, although small (0.06 ± 0.05 ms), was nevertheless significant (p < 0.03). The increase and decrease were essentially confined, re spectively, to flows below 15 mll100 g/min (CT in crease, 0.85 ms) and flows above 25 ml/l00 g/min (CT decrease, 0.16 ms; p < 0.01); the increase of 0.11 ms in the middle range (15-25 ml/100 g/min) of this grouping (which is not given in Ta ble 4) was not significant. Corresponding CT changes of P15 were, on average, in the same direction as those of NI0, were generally larger in value, but, due to the wider distributions, were not significant.
Occlusion plus haemorrhagic hypotension-au toregulation of flow. Although a detailed study of the autoregulatory characteristics of subcortical structures was not the purpose of the current work, and would include a necessarily separate series done in the absence of a lesion, we have used the available data to assess the effect of reduced MSBP on local flow in the ML and VPL, as well as in cerebral cortex contralateral to the occlusion.
The data are shown in Fig. 6 . The small, but in some regions significant, decreases in flow occur ring in left cortex and subcortically following MCA occlusion alone have been noted above, and are in dicated in the figure. Percentage changes in local flow, however, were calculated with reference to the pre-occlusion (control) value as 100%.
In areas B and C of left cortex, the stepwise re-duction of MSBP caused a decrease in flow on av erage from an initial value of 85% of control (im mediately upon MCA occlusion) to about 75% at an MSBP of 60 mm Hg. Over the range of 60-140 mm Hg that was encountered, the data points for cortex are significantly correlated (r = 0.5) with a linear regression slope of 0.22% mm Hg -], significantly greater than zero (p < 0.03). Below this pressure the flow decreased more rapidly and was abolished at -20 mm Hg.
In the VPL and ML (Fig. 6 ) the slope of the linear regression for data points above 60 mm Hg was less than that found for cortex and not significantly dif ferent from zero. The principal inflection in the curve drawn by eye through the plotted points is in the region of 50 mm Hg for the VPL and somewhat further to the left in the case of the ML. Differences between the two sides for VPL and ML were not significant.
DISCUSSION Normal SEPs in ML, VPL, and cortex
Our recordings from the VPL show waveforms similar to those obtained by Arezzo et al. (1979) in the monkey, even though the respective anaes thetics were chloralose and pentobarbital. In our study the central part of the VPL response was pre sumably postsynaptic to the ML volley, in view of their relative timing. The later portion of the re sponse included far-field activity originating from cortex, since it was clearly dependent on the state of cortical P15 (Fig. 2) . In the ML, however. our responses were typically less complex than those obtained by other workers, being generally domi nated by two principal peaks. The use of different electrode montages by different investigators in par allel EP studies makes comparison of cortical re cordings difficult if not impossible; thus, Gregory et al. (1979) used bipolar recording, thereby re ducing the pickup of far-field potentials-as is ev ident from their published waveforms-and Meldrum and Brierley (1969) used monopolar re cording, with the reference electrode placed occip itally, which may have caused all of the surface recorded components to merge into one positive early wave, as their diagrams suggest.
CCT in humans and monkeys
The average CCT in the present series of baboons was 3.42 ± 0.60 ms ( Table 1 ), whereas that in normal humans is 5.4 ± 0.4 ms (Wang et aI., 1982) . Although the latencies of the components N7 and N 1 0 defining CCT in the baboon are close to half those of their homologues N14 and N20 in humans, the baboon CCT is appreciably greater than the value of half the human CCT that might appear to be implied by this twofold change of scale. One . . . . ' . .
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· ·· ·i;. . possible explanation of this discrepancy is that al though CCT includes central delays both at syn apses and along fibre tracts, the number of synapses and therefore the sum of the synaptic delays in the two species is about the same, while the overall conduction delay component is scaled down by a factor related to the difference in size.
Changes in CCT with ischaemia are discussed below.
Normal blood flow in VPL and ML
Of the monoexponential clearances recorded in VPL and ML, there was a greater proportion of low-value flows «30 ml/lOO g/min) in ML than in VPL, while high-value flows predominated in VPL.
This difference presumably reflects the characters of ML and VPL as tract and nucleus, respectively, although it is not so marked as might be expected on anatomical grounds or, for instance, as that be tween cortex and underlying white matter (Pasztor et aI., 1973) . The reasons for such a discrepancy probably lie with the anatomical nonhomogeneity of the two regions, neither containing pure white or gray matter, and the highly focal nature of the hy drogen flow method. The spatial resolution of a hy drogen electrode depends on the local vascular structure and is much finer than that of the same electrode with regard to the recording of EPs, which depends on the volume conduction charac teristics of the tissue. Thus, a focal potential gen erated in the lamellar structure of the thalamus or as seen external to the lemniscal tract may not change appreciably as the electrode moves from a region of low flow to one of high flow.
Compartmental analysis of biexponential VPL and ML flows showed a close parallel between the two regions with respect to fast and slow compo nent averages and to initial (2-min) flow. This, again, could be due to the mixed nature of perfusion and structure in both regions. Average initial flow was, however, higher in thalamus than in brainstem or cerebral cortex.
It is interesting that, using essentially the same preparation and method as in the present study, Pasztor et ai. (1973) recorded overall average flows of 83 mlll00 g/min in the putamen and cerebral cortex, whereas flows in the internal capsule, showing invariably a monoexponential clearance, averaged only 19 mllIOO g/min. By contrast, our present results consistently showed lower flows, in the range of 40-60 mllIOO g/min in VPL and ML as well as in cortex, while no monoexponential flow of <22 ml1100 g/min was recorded by us. However, flow values in monoexponential low-flow groups in VPL and ML (Table 2) , averaging 26 mlllOO g/min, were closer to those of 24-27 mllIOO g/min quoted by Reivich (1972) for subcortical white matter and to the slow component of gray matter clearances in the study by Pasztor et al. (1973) . Thus, our results affirm the suggestion made previously (Pasztor et aI., 1973) the occlusion, both in cortex and subcortically, is unknown. They may have arisen from manipUlation of the basal arteries or from the flow redistribution therein. It is unlikely that any general flow decrease with time could have accounted for the changes, as our comparison of pre-and postocclusion flow data demonstrates. In the light of these observations, we have subjected flow data obtained from previous work employing a similar preparation for cortical measurements only (Branston et aI., 1980) to close analysis using paired t tests. These data also show a significant flow decrease over the hemisphere im mediately upon contralateral MCA occlusion, al though, since unpaired t tests (which are generally weaker) were originally used, the changes were not noted at the time.
Autoregulation of flow to reduced MSBP
A small but significant deviation of the autoreg ulatory slope from the horizontal was demon strated in the present study in cortex contralateral to the occlusion; this has not been reported previ ously. A similar apparent degradation of autoregu lation, but one not statistically significant due to greater data scatter, occurred in VPL and ML (Fig.  6) . The question may be asked: Is autoregulation in these regions imperfect even in normal brain, or is the degradation real and a consequence of the ex perimental protocol? On the one hand, in assess ments of regional autoregulation in normal brain made previously (Harper, 1966; Bozzao et aI., 1968; Reivich, 1972; Rosendorff, 1972; Symon et aI., 1973; MacKenzie et aI., 1979) , it may be doubted whether perfect regulation of flow down to the ac cepted level of 60-70 mm Hg was in fact demon strable; there is inevitable scatter in such raw plotted data and, although confidence limits of the resulting regression slope may therefore be wide enough to include the zero value, it does not follow that the value is actually zero. On the other hand, it is well known that autoregulation is impaired or lost following a variety of cerebral lesions and sys temic perturbations, even at sites remote from the lesion (Freeman and Ingvar, 1968; Waltz, 1968; Paulson et aI., 1970; Reivich, 1972; Symon et aI., 1975 Symon et aI., , 1976 , so that any degradation of autoregula tion such as that described in the present study would not be unexpected, especially since it was affected in regions where MCA occlusion alone re duced CBF measurably, these regions being outside the obvious spheres of influence of the lesion. Only the appropriate measurements in VPL and ML in normal brain with sufficient accuracy would resolve this question. Our data also suggest that the value of MSBP below which flow starts to decrease ap-preciably during progressive MSBP reduction is rather less in VPL and ML than the value of 60-70 mm Hg generally accepted for cerebral cortex.
Comparison of SEP ischaemic sensitivities by region
Our observation that the amplitude of the SEP recorded from cortex contralateral to the focal le sion was preserved until MSBP fell below the range 30-40 mm Hg is similar to that of Gregory et al. (1979) , who used hypotension alone. Such preser vation reflects the maintenance of membrane po tentials and neurotransmitter processes down to critical levels of blood flow, and may be contrasted with the trend of diminishing local flow with re duced MSBP (the autoregulatory characteristic) discussed above; furthermore, these critical levels lie below the so-called autoregulatory limit corre sponding to 60-70 mm Hg. It has been pointed out (Gregory et aI. , 1979 ) that cortical SEP failure may arise from transmission losses occurring subcorti cally, as well as in cortex itself; however, the results of the present study show that at least up to the level of the thalamic stage of the afferent pathway the possibility of prior subcortical transmission failure is unlikely in progressive hypotension. We cannot, of course, exclude the possibility that the thalamocortical radiation is affected first, and the question of how sensitive intracranial white matter is to local ischaemia in comparison to gray would be worth investigating.
In VPL, the amplitudes of the SEP early com ponents are only significantly diminished when MSBP falls below 30 mm Hg (Table 4) , while the cortical response is then relatively much more af fected, but that in the ML only marginally so. In the range of 20-30 mm Hg the data clearly show the differential sensitivity of the three stages in the SEP pathway. Similarly, the difference between the responses in the three regions in terms of absolute flow is most marked in the range of 10-15 mllIOO g/min (Fig. 4) . The observation of Gregory et al . (1979) of a flow threshold of 28 ml/lOO g/min for the cortical SEP is not supported by our data and the discrepancy, as the present results now show, cannot be explained by reference to accompanying ischaemia at the thalamic level or below.
The principal result of this study, then, is the in dication that as one descends the neuraxis there is an increasing resistance of electrophysiological function to systemic hypotension, together with a decreasing threshold for local ischaemia. Apart from its relevance to the interpretation of clinical SEP data, this result is of intrinsic physiological interest, suggesting that from at least one functional standpoint, phylogenetically older structures of the neuraxis are relatively more resistant to ischaemia. This correlation, if true, may arise through the pro gressive increase in complexity of neuronal struc tures with encephalization. A more complex syn aptic structure, presumably containing longer syn aptic chains, might, for instance, be expected to incur greater ischaemic sensitivity through the pos sibility of concatenation or multiplication of those partial neurotransmission failures liable to occur at each synapse in a series. Alternatively, and perhaps in relation to this, regional differences in residual metabolic requirements may be involved in selec tive ischaemic resistance, as distinct from those of activation which, although closely coupled to re gional flow (e.g., Sokoloff, 1981) , do not appear to be appropriately related to location. The suggestion in our results that P15 is more sensitive to ischaemia than is NIO (Table 4) may be explained by similar arguments applied at the cortical level, since P15 is later than N 1 0 and presumably postsynaptic to it.
The sensitivity of the ML response to ischaemia partly reflects that of the generating nuclei of the dorsal column, in which we made no direct mea surements in the present study, as well as of the lemniscal tract itself. We have assumed that these nuclei are at least as resistant to ischaemia as the adjacent brains tern structures in which measure ments were actually made, as well as having similar CBF/MSBP relationships. This assumption is partly justified by our consistent observation that the re sponse from the C2 region of the neck, and partic ularly that component of it (N7) considered to arise in the dorsal column nuclei (Arezzo et aI., 1979; Desmedt and Cheron, 1980) , was always the last response to be abolished, if at all, at the lowest levels of MSBP.
Conduction time changes
In cortex , the increase in CT of the NIO com ponent with ischaemia reported previously (Har gadine et aI., 1980) has been confirmed. As dis cussed above, the average normal CCT in humans is about 1.6 times that in the baboon, and it there fore seems reasonable to apply this scale factor in comparing changes in CT between the two species. With this allowance, the average increase of 0.5 ms observed in the present study for the cortical flow range below 20 mlllOO g/min (Table 4) becomes 0.8 ms, which is close to the value commonly measured in the affected hemisphere of grade 4 subarachnoid haemorrhage patients in whom CCT has increased from an average normal value of 5.4 ± 0.4 ms to one averaging up to 6.4 ms (Wang et aI., 1984) . It exceeds somewhat the CCT increase encountered in grades 1 through 3 patients, or that during induc tion for surgery, in which the observed increases to less than 6.0 ms are not statistically abnormal , but is less than the increase to about 6.7 ms observed during surgery using hal othane concentrations of up to 2% (Wang et a!., unpublished observations) . In our preparation, changes in cortical CT originated predominantly, if not completely, in structures above the level of the VPL , since in neither VPL nor ML were CTs ob served to increase significantly. This localisation may not hold in the case of changes induced by subarachnoid haemorrhage . Again, conduction changes in white matter may be implicated, and we emphasise the importance of investigating these changes in relation to local ischaemia .
The small but significant decrease in CT mea sured at average flows >20 ml/IOO g/min has been observed in previous studies (Branston et a!., un published data), and may arise from at least two sources . The first is a sharpening of the temporal dispersion in the afferent volley to cortex, due per haps to selective failure in specific fibre populations or in nuclear regions with greater complexity, as discussed above . The second is the interaction be tween the cortical NIO and P15 components by su perimposition within the volume conductor of the brain . This CT decrease has not been observed clin ically.
Possible implications for the ischaemic penumbra
Between the flow threshold for synaptic trans mission failure, which is � 18 ml/l00 g/min, and that for ATP depletion and major transmembrane ion shifts, which is � 12 ml/IOO g/min and associated with the development of histological infarction, lies the range of flow termed the ischaemic penumbra (Symon et aI., 1975 ; Astrup et aI ., 1981) , in which the tissue is viable although electrically silent . This holds for cerebral cortex and there is no guarantee that elsewhere in the brain the infarction threshold is maintained at a level lower than electrophysio logical threshold . However, if this separation were assumed to hold generally, our present results would suggest that in thalamus and brainstem the flow threshold for infarction should be correspond ingly lower than that already established for cortex ; contrary to this hypothesis is the suggestion from data of Marcoux et ai . (1982) that subcortical gray matter is histologically more vulnerable to is chaemia than cerebral cortex . Whether, and to what degree, this critically important functional balance may be attained in subcortical regions remains to be demonstrated .
